Detection and monitoring of in-ilervice damage requires the use of suitable parameters and metrics to quantify the damage. The use of total absorbed impact energy is investigated in this work as a damage metric which can be used to correlate impact damage to changes in vibrational damping properties.
Introduction
The need for standardized impact test procedures and associated parameters and metrics is widely acknowledged (e.g. [IJ) . Low velocity impact of composite laminates results in microstructural damage and is observed as a degradation of mechanical and physical prol?erties. Metrics which quantify the level of damage (delamination, matrix cracking, etc.) are necessary so that impact damage can be correlated to changes in properties. Various metrics have been proposed, including force [1] , incident impact energy [2, 3] and absorbed impact energy [4] . The use of absorbed impact energy as a damage metric is investigated in this work as a means to correlate impact to changes in dynamic properties. Fiber reinforced composites are used in many applications in which their excellent vibrational damping is exploited. In polymer matrix composites, vibrational energy is dissipated primarily in the viscoelastic matrix material and at ply boundaries and fiber /matrix interfaces and is therefore a function of the microstructure.
If the microstruct ure is altered during service, the dynamic properties will likely be affected. Efforts to utilize the changes in structural vibrational parameters to assess damage in composites has received considerable attention in the past two decades (e.g. [5, 6] ), however little work has considered impact damage.
Experimental Results
Scotchply Type 1002 glass fiber reinforced composite laminates from 3M Corporation were used in the experiments. Both [0/90/04]S (nearly unidirectional, denoted NU) and [0/90] crossply laminates were used. 15.2 x 8.9 em impact specimens were machined with the O' fiber direction along the long specimen axis. The laminate thicknesses were 3.5 mm and 3.2 mm for NU and crossply material, respectively. The impact tests were performed using an instrumented drop weight tower as described in [4] . The specimen is clamped along the short sides providing a 11 em x 8.9 cm rectangular opening with the O' fiber direction parallel to the long sides of the specimen. The energy absorbed by the impacted specimen is calculated as the area under the measured load-time curve multiplied by the measured velocity of the impactor. To allow investigations of the effect of total absorbed impact energy on the residual damping capacity, multiple impacts of 2, 3 and 4 were used. In some cases, the impact locations were slightly offset from the previous one. In these cases, the total amount of absorbed energy was the same as for cases where all impacts occurred at one location.
To estimate the damping ratio of the laminates, the frequency response function (the ratio of displacement to force as a function of excitation frequency) was measured using a standard modal analysis experimental setup. The specimen was fixed at both ends to simulate the same boundary conditions that were used during the impact test. The specimen was excited with a hammer that was instrumented with a force transducer and the response was measured at a location close to the damaged spot with a mini-accelerometer. The frequency range of excitation was limited to 3000 Hz. The signals from the force transducer and the accelerometer were amplified using conditioning amplifiers and were fed to a dual channel FFT analyzer which computes and displays the frequency response function directly. The damping ratio associated with each of the three modes investigated was estimated using a single degree-of-freedom curve-fitting technique [9}. To minimize errors, ten measurements were made on each sample.
The measured Mode 1 damping ratio, (, is plotted vs. total absorbed impact energy in Figure 1 for both laminates. Specimens in which the impacts occurred at multiple locations are designated by A. The solid lines are curve fits calculated only with data from specimens with single impact sites. As expected, damping increases with increasing levels of absorbed energy for the NU laminates. It is interesting to note, however, that ( decreases with impact energy for the crossply laminates. This unexpected decrease in damping is under further investigation. The trend of decreased damping capacity in crossply laminates is observed in all specimens except the one in which impact occurred at multiple locations (115 J). This is notable since other specimens tested under consistent conditions showed quite reproducible damping results. Optical microscopy observations of the through thickness damage revealed that delaminations occurred at nearly every 0/90 interface under the point of impact as shown schematically in Figure 2a . When impacts occurred at multiple locations, the delamination damage was spread over a much larger region and a larger amount of through-ply matrix cracking was observed. It is expected that these differences in location and extent of damage are the source for the variation in damping capacity. 
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The two NU specimens which have multiple impact sites (98 and 121 J) exhibit a wide disparity in damping properties as compared to specimens with single impact sites. In all cases, crosssectional observations revealed large through thickness cracks under each impact location as shown in Figure 2b . These cracks extend throughout the interior O· plies and propagate along the 0/90 interlace, forming a delamination. In the case of the specimens with multiple impact sites, numerous through thickness cracks are observed. The crack patterns resulting from single and multiple impact locations are significantly different. For example, the damage resulting from four impacts is shown in Figure 3 .
When all impacts occurred at one location (126 J), the cracking was severe, complex and interconnected. The cracking in the specimen with multiple impact sites (121 J) shows two distinct and relatively simple crack patterns. In general, specimens with more complex and interconnected crack patterns (98 and 126 J) exhibited higher damping capacity.
. These results illustrate the fact that absorbed impact energy may not be a suitable metric through which post-impact properties can be correlated. Although the measured total absorbed impact energy may be the same for two specimens, the observed impact damage depends on the number of impact sites. This results from the differing energy absorption characteristics of pre-impacted material as compared to virgin material. Vibrational damping capacity appears to be more dependent on the type and extent of damage rather than the amount of energy absorbed.
